We previously showed that acapsular transposon Tn916 mutants of Erysipelothrix rhusiopathiae are avirulent for mice. In this study, we constructed nonreverting acapsular mutants and examined the vaccine potential of the mutants in mice. A representative acapsular transposon mutant, 33H6, was plated on selective agar containing autoclaved chlortetracycline and quinaldic acid, and two tetracycline-sensitive mutants were obtained. Sequence analysis of chromosomal regions of the mutants in which Tn916 had flanked revealed that Tn916 had spontaneously excised from the region and that the six new nucleotides, which were presumably inserted with Tn916 into 33H6 chromosome, substituted for those present at the insertion site. The mutants were confirmed to be devoid of capsular antigen by Western immunoblotting and were nonvirulent for mice (subcutaneous 50% lethal dose [LD 50 ], >10 9 CFU). The safety and efficacy of acapsular mutants for live vaccines was further studied by using one mutant strain, named YS-1. The YS-1 bacteria were cleared from the skin sites of inoculation, livers, and spleens of the inoculated mice by 7 days after subcutaneous (s.c.) inoculation. Mice immunized s.c. with doses ranging from 2 ؋ 10 4 to 2 ؋ 10 8 CFU of strain YS-1 were completely protected against challenge with 100 LD 50 of the homologous, highly virulent strain Fujisawa-SmR 21 days postimmunization, and protective immunity conferred by immunization with 2 ؋ 10 8 CFU of the strain lasted for as long as the 3 months of the observation period. In passive immunization experiments, sera collected from mice immunized with strain YS-1 at days 14 and 21 postimmunization provided protection against challenge with Fujisawa-SmR, whereas sera collected at days 4 and 7 did not. Furthermore, specific spleen cell responses to E. rhusiopathiae antigens were observed in mice immunized with strain YS-1, and cross-protection against the antigenically heterologous bacterium Listeria monocytogenes was observed at 7 days after immunization in the mice, suggesting that cell-mediated immunity had been induced. These results suggest that E. rhusiopathiae YS-1 may be a suitable choice for further studies of vaccine efficacy in swine.
Erysipelothrix rhusiopathiae is a gram-positive bacterium which causes a wide spectrum of disease in animals, birds, and humans (35) . It is a cause of economic losses in swine and turkey industries (35) . Vaccination against erysipelas infection in swine has been carried out by use of either live attenuated vaccines or bacterins (34, 35 ). Attenuation of current live vaccine strains was accomplished by air drying or by growth in media containing acridine dyes (35) . However, the mechanisms of attenuation remain unknown, and it is possible that the attenuated vaccine strains can regain their virulence, casting doubt on their potential safety. In Japan, an acriflavin-fast attenuated live vaccine (24) has been used. However, this vaccine has the disadvantage of disease-causing potential in specific-pathogen-free pigs, indicating a clear need for urgent development of safer vaccines.
The development of highly effective vaccines requires an understanding of the pathogenesis of the organism at the molecular level so that genetically defined mutations may be introduced into the virulence genes to produce live vaccine strains. So far, studies on virulence mechanisms of the organism show an association between either hyaluronidase (19) or neuraminidase (13) production and virulence. In addition, virulent strains adhere better to porcine kidney cells in vitro than do avirulent strains (29) . However, the roles of these factors in pathogenesis of the disease have not been well investigated.
Previously, using transposon mutagenesis with self-conjugative transposon Tn916, which confers resistance to tetracycline, we constructed avirulent transposon mutants by filter mating from the highly virulent strain Fujisawa-SmR (27) . In contrast to the parent strain, these mutants lack a capsule on the cell surface, fail to resist phagocytosis by murine polymorphonuclear leukocytes (27) , and cannot survive within murine macrophages (28) , suggesting that the capsule is an important virulence factor of the organism.
To construct a mutant carrying a mutation in the gene involved in production of capsular material, we have exploited a property of Tn916. Transposon Tn916 can precisely excise from target DNA, and this restores the function of an insertionally inactivated gene (2, 9, 10, 27) . However, excision of Tn916 from the target DNA can sometimes substitute six new nucleotides (coupling sequences), which are introduced with the transposon, for those present in the target sequences (2, 4) , resulting in inactivation of the gene (2) . In this study, using this property of Tn916, we constructed nonreverting acapsular mutants from a representative acapsular mutant 33H6 and examined the safety and protective capability of the mutants in mice.
MATERIALS AND METHODS
Mice. Seven-to nine-week-old female BALB/c mice were used throughout this study. They were purchased from Japan SLC, Inc., Hamamatsu, Japan.
Bacterial strains and growth media. E. rhusiopathiae Fujisawa-SmR, a streptomycin-resistant spontaneous mutant of the highly virulent strain Fujisawa, and its transposon mutant derivative strain 33H6 (27) , which is deficient in capsule production, were used. Bacterial strains were usually grown in brain heart infusion (BHI; Difco Laboratories, Detroit, Mich.) containing 0.1% Tween 80 (pH 7.6) (BHI-T80). Listeria monocytogenes EGD was used for cross-protection experiments. L. monocytogenes was grown in BHI (Difco).
Isolation of nonreverting acapsular mutants. Nonreverting acapsular mutants were selected from tetracycline-sensitive (Tc s ) clones, which were generated when Tn916 was excised from the chromosome, from a transposon mutant strain 33H6. Positive selection of Tc s clones from 33H6 was performed by using autoclaved chlortetracycline as previously described (1, 17) , with modifications. Briefly, one solution containing 37 g of BHI (Difco), 15 g of Bacto Agar (Difco), 0.05 g of chlortetracycline hydrochloride (Sigma Co., St. Louis, Mo.), and 1 ml of Tween 80 (Tokyo Kasei, Tokyo, Japan) in 500 ml of distilled water and another solution containing 3 g of Tris in 500 ml of distilled water (pH 7.4) were separately autoclaved for 20 min, mixed, and cooled at pouring temperature (ca. 50°C); 5 ml of ZnCl 2 (20 mM) and 10 ml of quinaldic acid (10 mg/ml) were added to the mixture, and the selective medium was dispensed into plates. Strain 33H6 was grown in BHI-T80 for 14 h at 37°C, diluted with BHI-T80, and then plated on the selective medium at a cell density of 10 6 per plate. Virulence testing. Bacterial strains were grown in BHI-T80 overnight at 37°C and diluted with BHI-T80. Groups of five mice were inoculated subcutaneously (s.c.) with 0.1 ml of serial dilutions of bacterial suspension and observed for death over a period of 4 weeks. The 50% lethal doses (LD 50 ) of the mutants were determined as previously described (21) .
PCR and DNA sequencing. Chromosomal DNA from Erysipelothrix strains was prepared by the method of Gálan and Timoney (8) . With primers HM1-1 (5Ј-T ATCTTTGTAGCGGTAGTTGG-3Ј) and HM1-2 (5Ј-CAATAAAAGGAAAT ACCAGTGC-3Ј), which were designed from sequences adjacent to the inserted transposon in 33H6 (25) , the target DNA region was amplified. For amplification of the left hand end of the Tn916-chromosomal junction region in 33H6 chromosome, primers TNLO-2 (5Ј-GTGAAGTATCTTCCTAC-3Ј) (4) and Tn-Insert1 (5Ј-TCCATACGAATTTTACG-3Ј) were used. PCR was performed on a model 2400 thermal cycler (Perkin-Elmer). Amplifications were performed for 30 cycles, with each cycle consisting of 60 s of melting at 94°C, 30 s of annealing at 50°C, and 60 s of extension at 72°C. All DNA products of PCR were cloned into pCRII (Original TA Cloning kit; Invitrogen), and both strands of DNA were sequenced by the dideoxy-sequencing technique of Sanger et al. (23) , using a model 377 DNA sequencer (Applied Biosystems).
Detection of capsular antigens. The absence of capsular antigen on the cell surface of the mutants was confirmed by Western immunoblotting with monoclonal antibody (MAb) ER21, which is specific for the capsular antigen (26) . Cell surface antigens of bacterial strains were prepared by extraction with Triton X-100 as described by others (8, 14) . Briefly, the bacterial strains were grown in 10 ml of BHI-T80 for 14 h at 37°C. Cells were harvested by centrifugation, washed once with 20 mM Tris-HCl (pH 7.6), and suspended in 0.5 ml of 20 mM Tris (pH 7.6) containing 0.5% Triton X-100. Cells were incubated at 37°C for 1 h with rotation. Cells were removed by centrifugation, and the supernatants were used for capsular antigen detection by immunoblotting analysis described below. Cell surface antigens were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis by the method of Laemmli (15), with a 12.5% separating gel and a 4% stacking gel. Immunoblotting analysis was performed as described by Towbin et al. (32) . Antigens transferred to a polyvinylidene difluoride membrane were probed with MAb ER21. After incubation with ER21, the membrane was treated first with biotin-labeled rabbit anti-mouse immunoglobulin A (IgA), IgG, and IgM (Zymed Laboratories, Inc., San Francisco, Calif.) and next with peroxidase-labeled streptavidin (Zymed). Staining of immunoreactive bands was performed with 0.03% 3,3Ј-diaminobenzidine tetrahydrochloride dihydrate and 0.003% hydrogen peroxide in phosphate-buffered saline.
Growth of strain YS-1 in vivo. Mice were inoculated s.c. with 0.1 ml of bacterial suspension (2 ϫ 10 9 /ml). At 12 h and on days 1, 2, 4, 7, 14, and 21 postinoculation, groups of three mice were killed with ether, and skin sites of inoculation, spleens, and livers were removed and weighed. The tissues were homogenized in BHI-T80, diluted, and plated onto BHI-T80 agar supplemented with crystal violet (10 g/ml; Merck, Darmstadt, Germany). After incubation for 48 h at 37°C, bacterial colonies were counted.
Protection experiments. For protection experiments, groups of mice were immunized s.c. with 0.1 ml of appropriate dilutions of the bacterial suspension of strain YS-1. After immunization, mice were challenged s.c. with 100 LD 50 of Fujisawa-SmR and were observed for clinical symptoms and death over a period of 4 weeks.
Passive protection experiments. Passive protection experiments were performed as previously described (33) . Briefly, serum was collected from a group of nonimmunized mice and pooled for use as a control. Mice were immunized s.c. with 2 ϫ 10 8 cells of YS-1, and groups of these mice were bled 4, 7, 14, and 21 days later. The sera from the mice within a group were pooled for test samples. For opsonization, 0.5 ml of bacterial suspension of Fujisawa-SmR was incubated at 37°C for 30 min with 0.5 ml of the pooled sera and diluted with BHI-T80. Mice were challenged s.c. with 0.1 ml of the dilutions containing 100 LD 50 of FujisawaSmR and observed for clinical symptoms and death over a period of 4 weeks.
Spleen cell proliferation assay. Groups of three mice were immunized s.c. with 2 ϫ 10 8 CFU of strain YS-1. Spleen cells were obtained from nonimmunized mice and mice immunized with YS-1 at 7, 14, and 21 days postimmunization.
Spleen cells were suspended in RPMI (Sigma) supplemented 10% fetal bovine serum, 2 mM L-glutamine, 1 mM pyruvate, 50 U of penicillin per ml, 50 g of streptomycin per ml and 5 ϫ 10 Ϫ5 M 2-mercaptoethanol (complete medium) at a cell density of 2 ϫ 10 6 per ml. One hundred microliters of cell suspension was incubated at 37°C in 5% CO 2 with 100 l of complete medium containing 10 g of formalin-killed whole Fujisawa-SmR cells per ml in wells of 96-well microtiter plates. After the 4-day incubation, cell cultures were pulsed for 12 h with 1.0 Ci of [ 3 H]thymidine per well. Cells were then harvested, and radioactivity was measured as counts per minute in a liquid scintillation counter. Cell proliferation results were expressed as mean of the stimulation index Ϯ standard error of the mean (SEM). The stimulation index is derived as follows: mean counts per minute of treated cells/mean counts per minute of controls (three replicates of each).
Cross-protection experiments. Mice were challenged intravenously at 7 and 14 days after YS-1 immunization with 4 ϫ 10 3 CFU of L. monocytogenes EGD suspended in phosphate-buffered saline. Three days after challenge, spleens and livers of the mice were removed, homogenized, diluted, and plated onto BHI (Difco) agar. After incubation for 48 h at 37°C, bacterial colonies were counted.
Statistical methods. Statistical analyses were performed with Student's unpaired t test. Approximately 300 to 500 colonies per plate arose on the selective media. However, most of the colonies were found to be Tc r . A total of 10,000 colonies were screened for tetracycline susceptibility by replica plating, and two independent Tc s clones were obtained from different experiments. The mutants, designated YS-1 and YS-2, were further analyzed.
RESULTS

Isolation of nonreverting
DNA sequencing. To determine whether sequence differences occurred after Tn916 excision from the chromosome compared to native sequences, the corresponding regions of Fujisawa-SmR, 33H6, and the mutants were sequenced and compared. The results revealed that Tn916 presumably inserted into the chromosome with six nucleotides (GTATTA) and that when Tn916 was excised from the chromosome of 33H6, a substitution of the six nucleotides for those (AAAC AA) present in the target gene occurred, resulting in change of two amino acids in the gene product (Fig. 1) .
Virulence testing. Virulence of the mutants was evaluated by determining their LD 50 after subcutaneous inoculation in mice. The LD 50 of Fujisawa-SmR was estimated to be about 10 1.2 bacteria per mouse, whereas the mutants were nonvirulent at the dose of 10 9 . The mutants, which were recovered from the livers of the infected mice 2 days after inoculation, were found to be avirulent. They did not revert to virulence after several passages through mice, suggesting that the mutants are genetically stable.
Detection of capsular antigen. To examine whether the mutants were devoid of capsular antigen, we performed Western immunoblotting with MAb ER21 against capsular antigen (26) . Immunoblotting analysis showed that low-molecularweight capsular antigen which was abundant in a sample from VOL. 66, 1998 VACCINE POTENTIAL OF ACAPSULAR E. RHUSIOPATHIAE 3251 on August 28, 2017 by guest http://iai.asm.org/ strain Fujisawa-SmR was absent in the samples from the mutant strains (Fig. 2) , showing that substitutions of two amino acids in the gene product resulted in the loss of capsule expression. This result, taken together with virulence testing, suggests that a major virulence determinant of E. rhusiopathiae in mice is the capsule.
Growth of YS-1 strain in vivo.
The safety and live vaccine potential of acapsular mutants was further studied in mice by using strain YS-1. To examine whether nonreverting acapsular mutants can colonize in mouse tissues after s.c. inoculation, growth curves of YS-1 in skin inoculation sites, spleens, and livers were monitored. As seen in Fig. 3 , organisms were recovered from livers until day 2 and cleared between 2 and 4 days postinoculation. From the skin lesions, large numbers of the organisms were recovered until day 2 postinoculation; however, bacterial counts in the tissue sharply dropped thereafter, and organisms could not be detected at 7 days postinoculation. YS-1 cells could not be recovered from spleens of infected mice throughout the experiments.
Protection experiments. Mice immunized s.c. with 0.1 ml of serial dilutions of the YS-1 suspension were challenged s.c. with 100 LD 50 of Fujisawa-SmR. Following vaccination, all mice remained healthy with no symptoms before challenge, and vaccinated mice challenged with the virulent strain 21 days postimmunization were completely protected without any clinical symptoms. Furthermore, the protective immunity conferred by immunization with 2 ϫ 10 8 CFU of the strain lasted for up to 3 months ( Table 1) , showing that immunization of strain YS-1 could induce long-lasting immunity. All control mice died within 4 days after challenge.
Passive protection experiments.
In erysipelas infection, antibodies are known to play an important role in protection as opsonins (34) (35) (36) . To determine whether vaccination with acapsular mutants could induce protective antibodies against infection, passive protection experiments were performed with sera from mice immunized with strain YS-1. Mice challenged with the virulent strain opsonized with serum from nonimmunized mice or with sera collected at 4 and 7 days postimmunization died within 4 days after challenge, whereas mice challenged with the strain opsonized with sera collected at 14 and (Table 2) .
Spleen cell proliferation assay. Although protective immunity against erysipelas infection is mediated by antibodies, the involvement of cell-mediated responses as well has been suggested (28, 30, 31) . To test whether immunization with strain YS-1 can induce cell-mediated immunity, spleen cells were obtained from mice at days 7, 14, and 21 postimmunization and cellular proliferation in response to E. rhusiopathiae antigens was assayed in vitro. As shown in Fig. 4 , spleen cells from YS-1-immunized mice proliferated significantly in response to E. rhusiopathiae antigens.
Cross-protection experiments. Nonspecific resistance to heterologous bacteria is an indicator of cell-mediated immunity in intracellular bacterial infection (6, 7, 16, 37) . To examine this, mice were challenged 7 and 14 days after YS-1 immunization with the antigenically unrelated intracellular parasite L. monocytogenes, and growth of the bacteria in the spleens and livers of the mice was monitored. As shown in Fig. 5 , inhibition of growth of L. monocytogenes in liver and spleen from mice immunized with YS-1 was observed at 7 days after immunization, indicating that cross-protection against L. monocytogenes had occurred. These results suggest that immunization with YS-1 induced specific and nonspecific cell-mediated resistance and that the cell-mediated immune response contributed to protection against E. rhusiopathiae.
DISCUSSION
Using the conjugative transposon Tn916, we previously isolated acapsular mutants from the highly virulent strain Fujisawa-SmR and showed that these mutants are totally avirulent in mice (27) . In subsequent experiments with transposon mutant 33H6, we found that this mutant caused no clinical symptoms of the disease in germ-free piglets at a dose of 10 8 but conferred on the animals almost complete protection against a challenge with 6 ϫ 10 7 cells of the highly virulent, wild-type strain Fujisawa (data not shown). These results prompted us to construct nonreverting mutants with a mutation within the gene which Tn916 inserted in 33H6 for vaccine studies in swine erysipelas. We found that a single Tn916 insertion occurred within the 33H6 chromosome (27) and that it insertionally inactivated a gene which potentially encodes a protein showing significant homology with glycosyltransferases of other grampositive and gram-negative encapsulated bacteria (unpublished data). To induce a stable mutation in this gene and construct nonreverting acapsular mutants, we exploited the property of conjugative transposon Tn916, in which the element sometimes generates new sequences at the insertion point after spontaneous excision (2, 4), resulting in a mutation within the gene (2). To our knowledge, this is the first approach using this property of Tn916 to isolate nonreverting mutants in gram-positive bacteria. We previously showed that a capsule-producing, Tc s revertant clone in which Tn916 precisely excised from the chromosome was obtained from 33H6 at a rate of 10 Ϫ8 per bacterium (27) . In the present study, we could select two nonreverting acapsular mutants from 10 4 colonies of 33H6. Thus, this method greatly facilitated isolation of the clones with excision of Tn916 from the chromosome. The conjugative transposon Tn916 has been successfully used for genetic studies in gram-positive bacteria (9-12, 18, 22) . Therefore, the strategy used in this study may allow the immediate development of genetically defined attenuated strains for vac- cine studies from other gram-positive bacterial species for which no electroporation system is yet available.
We evaluated E. rhusiopathiae mutant YS-1 as a live vaccine candidate in a mouse model. No growth of bacteria was observed in the tissues of inoculated mice, suggesting that the strain is highly safe for animals. Despite the low infectivity, the mutant was nevertheless highly immunogenic. A possible explanation for this may be the persistence of a large number of bacteria in the skin lesions at the initial stage of vaccination. This hypothesis may be strengthened by the findings (3, 6, 20) that the important event for the development of an immune response to an antigen is the initial amount of antigens that stimulate immune systems and not prolonged persistence of the antigens. However, to support the hypothesis, further studies are needed.
Recombinant live vaccines may offer an attractive approach to the control of various infectious diseases. Gram-negative bacteria have been extensively examined as live vectors to deliver foreign antigens and some recombinant bacterial species strains, especially Salmonella spp., have shown to trigger both humoral and cell-mediated immunity (5). However, studies with recombinant gram-positive bacteria which can trigger both humoral and cell-mediated immunity have been few. In this study, immunization with the acapsular E. rhusiopathiae strain YS-1 induced not only humoral immunity but also cellmediated immunity. These properties may have important consequences for the abilities of live-carrier vaccines to present cloned antigens. Our results also suggest that E. rhusiopathiae YS-1 may be a good candidate for a recombinant vaccine vector.
